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Abstract
The small subunits of the chloroplast enzyme ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) are 
synthesized in the cytoplasm as precursors and transported 
into the organelle. The precursor (p S ) of the small 
s u b u n i t  (S) of RuBisCO contains an amino-terminal 
extension, the transit peptide, which is removed during or 
after transport into the chloroplast.
The possible involvement of an RNA-containing 
component in transport of proteins into chloroplasts was 
investigated using a reconstituted system of pS translated 
in vitro and isolated chloroplasts. The post-ribosomal 
supernatant of the in vitro translation mixture and/or 
isolated chloroplasts were treated with ribonuclease prior 
to incubation for transport. Transport of pS was 
unaffected by the ribonuclease treatment indicating that an 
RNA is not involved in this process.
While the targeting function of the pS transit peptide 
is well documented, the role in transport of the mature 
p o r t i o n  of the precursor has not been elucidated. 
Mutations In the mature portion of pS were constructed to 
assess the influence of the mature portion of the precursor 
on transport. Each mutant pS was analysed for transport 
into chloroplasts and assembly into RuBisCO. Mutations in 
the amino-terminal region of S severly interfere with
viii
transport of pS while mutations near the middle of S 
interfere to a lesser degree. These results indicate that 
the pS transit peptide is tailored for optimal transport of
S. Assembly of mutant S into holoenzyme was poor, and a 
significant fraction was associated with RuBisCO binding 
protein which is postulated to assist assembly of the 
holoenzyme. Mutant S may be arrested at an intermediate 
step in the pathway of assembly.
R u B i s C O  b i n d i n g  p r o t e i n  is homologous to the 
Escheri chia col i groEL protein which binds unfolded 
proteins and mediates assembly of protein complexes. 
Fusion proteins containing pS or S fused to the carboxy- 
terminus of Staphylococcus protein A were expressed in E . 
coli and purified by protein A-affinity chromatography. 
GroEL protein copurified with protein A-pS and protein A-S 
but not protein A alone. Association of groEL protein with 
S expressed in E . coli indicates that RuBisCO binding 
protein, like groEL protein, may bind other unfolded or 
unassembled chloroplast proteins in addition to S.
ix
Literature Review
R i b u l o s e - 1 ,5-bisphosphate carboxylase/oxygenase 
(RuBisCO) c o n v e r t s  a t m o s p h e r i c  carbon dioxide to 
biosynthetically useful carbohydrate in photosynthetic 
organisms, from bacteria to higher plants1 . The enzyme is 
highly concentrated in photosynthetic tissues, and is the 
most abundant protein in the world. The enzyme is one of 
the most ecologically important because the products of the 
reaction it catalyses are the source of almost all 
biosynthetically useful carbon available in the food chain. 
The carboxylation reaction may be limiting in plant growth 
and productivity, and therefore this enzyme has been the 
focus of intense investigation by agricultural interests.
In higher plants RuBisCO is a complex of eight large 
subunits synthesized in the chloroplast and eight small 
subunits synthesized in the cytoplasm as precursors and 
transported into the organelle. The large subunits 
apparently contain the active sites and all regulatory 
sites of the enzyme, but are inactive in the absence of 
small subunits. The role of small subunits in the 
function of the enzyme is unknown.
Although chloroplasts synthesize proteins encoded in 
the chloroplast genome, most chloroplast proteins are 
synthesized in the cytoplasm of the cell and transported 
into the organelle. Proteins are transported across many 
biological membranes and where it has been studied, common 
features of the process are evident. (1) Most transported
proteins are synthesized as precursors that contain an 
amino-terminal extension which is proteolytlcally removed 
during or after transport. (2) ATP is required for 
transport, and it is probably hydrolysed. This suggests 
that the process requires energy. (3) Transport requires 
the participation of auxiliary proteins which interact 
with the precursor. (4) Precursors are unfolded during 
transport. Evidence for these features was obtained by the 
application of genetic and biochemical techniques to the 
study of the secretion of proteins from bacteria and 
transport of proteins into the endoplasmic reticulum, 
mitochondria and chloroplasts. Each of these features with 
respect to chloroplast protein transport is discussed in 
the following sections.
The Transit Peptide
Precursors of chloroplast proteins encoded in the 
nuclear genome are synthesized in the cytoplasm with an 
amino-terminal extension, the transit peptide2 The 
transit peptide is proteolytically removed during or after 
transport of the precursor into the chloroplast. The amino 
acid sequence of a number of precursors of chloroplast 
proteins has been deduced from cloned genes and cDNAs, and 
the transit peptides have little or no sequence similarity, 
although they share common features4 . The precursor (pS)
of the small subunit (S) of RuBisCO has been studied 
extensively as a model for chloroplast protein transport. 
The specificity of the targeting function of the pS transit 
peptide has been convincingly demonstrated with hybrid 
precursor proteins composed of transit peptides fused to 
the amino-termini of passenger proteins not normally 
transported into the chloroplast. Chimeric genes encoding 
hybrid precursors have been expressed in vitro5 >6 >? and 
assayed for transport into isolated chloroplasts, and they 
have been expressed in transgenic p l a n t s B -10. Passenger 
proteins were delivered to the chloroplast and in some 
cases transported into the organelle. The efficiency of 
transport of hybrid precursors will be discussed in a 
following section.
Proteins destined for the mitochondrial matrix space 
or the chloroplast stroma must cross inner and outer 
membranes. On the other hand, precursors transported into 
the endoplasmic reticulum and the periplasm of bacteria 
mus t  cross only one membrane. Peptides targeting 
precursors to mitochondria and chloroplasts may have a 
distinct manner of membrane binding which reflects a 
different mechanism of transport into these organelles.
The composition of transit peptides resembles the 
composition of presequences of precursors of mitochondrial 
proteins in that they have few hydrophobic or acidic 
residues but are rich in basic and hydroxylated residues.
5T r a n s i t  p e p t i d e s  and p r e s e q u e n c e s  are longer and 
considerably less hydrophobic than signal peptides in 
precursors which are transported into the endoplasmic 
reticulum and secreted from bacteria. Briggs and Gierasch 
have shown that synthetic signal peptides adopt alpha- 
helical structure and traverse the lipid bllayer when bound 
to a m e m b r a n e 1 1 . In contrast, Schatz and coworkers 
reported that a peptide corresponding to the presequence of 
a mitochondrial precursor also binds a membrane as a helix 
but is probably oriented parallel to the membrane 
s u r f a c e 1 2 . Furthermore, an artificial presequence 
predicted to form an amphipathic helix directed a passenger 
protein to mitochondria when the hybrid precursor was 
expressed in yeast13. Unlike presequences of mitochondrial 
protein precursors, transit peptides of chloroplast protein 
p r e c u r s o r s  hav e  no apparent potential to form an 
amphipathic helix. Although transit peptides have not been 
shown to bind membranes in the absence of a passenger 
protein, an amphipathic structure other than a helix could 
support this activity. In view of the obvious difference 
in targeting function, transit peptides and mitochondrial 
presequences are expected to have distinct structural 
features which may not be readily apparent in their primary 
structures.
Deletion mutations in the transit peptide of pS 
interfered with in vitro transport of the precursor14.
Seventeen to twenty-four amino acids were deleted from the 
fifty-seven residue transit peptide, and the mutant 
p r e cursors were transported poorly or not at all. 
P r e c u r s o r s  which contained smaller deletions were 
transported fairly well. Since very large deletions in the 
transit peptide interfere with transport while smaller ones 
do not, the targeting function is not strictly dictated by 
the primary structure. Rather, targeting information must 
be redundantly distributed over the transit peptide.
Targeting sequences of precursors of mitochondrial and 
chloroplast proteins can contain additional information 
that ensures the proper localization of the protein inside 
the organelle. The precursor of mitochondrial cytochrome 
b2 is transported first to the matrix where the presequence 
is partially c l e a v e d 1 5 . This intermediate then is 
redirected across the inner membrane to the intermembrane 
space where it is finally processed to the mature size. 
Similarly, in chloroplasts the precursor of plastocyanin 
undergoes an additional processing step during its final 
localization in the lumen of the thylakoids16. These 
intra-organelle targeting domains are in the carboxy- 
terminal part of the presequence or transit peptide and 
resemble bacterial and microsomal signal peptides in having 
a segment which could form a hydrophobic membrane-spanning 
helix. Pfanner et al.15 and Hageman et al.16 postulated 
that the mechanism of these subsequent localization steps
is evolutionarily related to the mechanism of protein 
export from bacteria.
Recognition at the Chloroplast Surface
Models of protein transport across membranes usually 
indicate that precursors are recognized by a proteinaceous 
receptor on the surface of the target organelle, but 
evidence for receptors on mitochondrial and chloroplast 
surfaces is inconclusive. Evidence indicating a receptor 
protein is as follows: proteolysis of surface proteins on 
t h e s e  o r g a n e l l e s  d i m i n i s h e s  their competence for 
transport17 * 1° ; a synthetic polypeptide representing the 
presequence of a mitochondrial protein inhibits protein 
transport19; antibodies directed against 45kDa proteins of 
the m i t o c h o n d r i a l  o u t e r  membr a n e  inhibit protein 
transport20; pS can be cross-linked to a 66kDa protein of 
the chloroplast envelope membranes2 1 ; an anti-idiotypic 
antibody mimicking the transit peptide of pS inhibits 
transport of pS into the chloroplast and interacts with a 
30kDa protein of the.chloroplast envelope22.
Yet, while these results suggest a protein on the 
organelle is involved with transport, targeting and initial 
binding of the precursor may be mediated by a lipid- 
specific iteraction of the presequence or transit peptide 
with the target membrane. The lipid compositions of
8organellar membranes are distinct, and so the targeting 
function could take advantage of this. A synthetic 
peptide representing the preseguence in the precursor of 
m i t o c h o n d r i a l  o r n i t h i n e  t r a n s c a r b a m y l a s e  b o u n d  
preferentially to liposomes which contained cardiolipin23. 
Furthermore, mitochondrial porin appears to have two kinds 
of binding sites on the mitochondrial surface, one with 
high affinity, low specificity and another with low 
affinity and high specificity24. A sequential mechanism 
for the recognition of precursors is expected if the 
targeting sequence initiates transport by binding the 
target membrane and then a "translocase" recognizes the 
precursor and completes its transport. The membrane 
activity of synthetic peptides representing mitochondrial 
presequences supports this model. Nevertheless, the 
evidence does not rule out the possibility that a 
proteinaceous receptor is involved in initial binding of 
the precursor.
The Processing Protease
Precursors are proteolytically processed to the mature 
form on the trans-side of the target membrane in the 
systems so far studied25. The processing activity in the 
m a t r i x  of the m i t o c h o n d r i o n  is c o m p o s e d  of two 
polypeptides. One contains the proteolytic activity and
the other presumably is involved with presentation of the 
precursor as a suitable substrate26'27. A relationship 
b e t w e e n  p r o c e s s i n g  and t r a n s p o r t  has not been 
demonstrated, but null mutatations in the genes for these 
proteins in yeast are lethal26. The processing enzyme is a 
m e t a 11 o p rotease and presumably has broad sequence 
specificty to accomodate the variety of precursors 
processed. The enzyme probably recognizes structural 
motifs in the precursors or domains presented as the 
precursor is translocated.
In chloroplasts, the processing of pS28 and partial 
p r o c e s s i n g  of p l a s t o c y a n i n 16 is p e r f o r m e d  by a 
metalloprotease located in the stroma. This may be the 
same enzyme responsible for maturation of the light 
harvesting chlorophyll-binding protein of the thylakoids. 
Again the relationship between processing and transport is 
unknown since precursors can be transported in_ vitro even 
if they are incorrectly processed2 8 '2 9 '3 0 . Transport 
without processing was also observed for mitochondrial 
precursors31, but processing is required in vivo26 .
Translocation of the Passenger Protein
Efficient translocation of hybrid precursors into 
chloroplasts depends on the passenger protein and may also 
depend on the region of the junction to the transit
peptide. Passenger proteins targeted to chloroplasts with 
the pS t r a n s i t  p e p t i d e  include proteins normally 
synthesized inside the chloroplast; the large subunit of 
RuBisCO5 , the beta subunit of ATP synthase5 and the Qg 
protein of photosystem II5 . Transport in vitro of the 
first two of these proteins was poor relative to transport 
of the authentic precursor, pS. These constructs contained 
the pS transit peptide fused directly to the passenger 
protein and contained no sequences derived from the mature 
RuBisCO small subunit. Transport of Qg protein was 
observed in vivo by expression of hybrid precursors in 
transgenic plants. Fusions were expressed with and without 
a segment of S between the transit peptide and Qg. Only Qg 
from the fusion containing this segment was detected in the 
chloroplasts, but the authors could not distinguish 
transported Qg lacking the segment of S from endogenous Qg.
A cytoplasmic heat shock protein, soybean hsp406 and 
two bacterial proteins, chloramphenicol acetyl-transferase 
(CAT)9 and neomycin phosphotransferase II(NPT)7 '10 have 
been targeted to chloroplasts with the pS transit peptide. 
The transit peptide-CAT fusion was expressed in transgenic 
plants but its disposition in the chloroplast was not 
reported. The level of in_ vitro transport of the fusion 
with hsp40 was 40Ss of the level observed for pS. This 
fusion contained the transit peptide and thirteen amino 
acids of S fused to the amino terminus of hsp4Q. Keegstra
and coworkers also noted that soybean S fused to the 
transit peptide of pea pS was transported at a slightly 
lower level than the authentic precursor6 . Transport of 
the NPT fusion was examined with and without 23 amino acids 
of S included between the transit peptide and NPT. In 
vitro transport of the fusion containing the N-terminal 
part of S was much better than transport of the fusion 
lacking this segment. The opposite result was observed 
with similar constructions expressed in transgenic plants. 
The authors suggested the in_ vivo observations reflected 
two competing processes, transport into chloroplasts and 
proteolysis in the cytoplasm. They believed the in_ vitro 
result represented the Inherent ability of the hybrid 
precursor to be transported and that the segment of S in 
the hybrid precursor was particularly sensitive to 
cytoplasmic proteases in the plant cell. Taken together, 
these observations of transport of hybrid precursors 
Indicate that features of S influence the transport of p S .
A Requirement for ATP
Light energy or ATP supports transport of proteins 
into chloroplasts32. The elegant experiments reported by 
Flttgge and Hinz demonstrate that ATP must be present on the 
cytoplasmic side of the chloroplast inner envelope membrane 
for transport of proteins to occur33. Light-driven ATP
synthesis takes place inside the chloroplast, thus ATP must 
be transported out of the organelle via the ATP/ADP carrier 
for protein transport to proceed. Protein transport in the 
light is not inhibited by an exogenous ATP consuming system 
which suggests that transport of proteins occurs in close 
proximity to ATP transport. Fliigge and Hinz suggested a 
p r o t e i n  p h o s p h o r y 1a t i o n / d e p h o s p h o r y l a t i o n  cy c l e  
accompanies transport. They have shown that transport does 
not occur in the presence of alkaline phosphatase 
presumably because the enzyme removes phosphate from a 
phosphorylated intermediate generated during transport. 
Continuing with this hypothesis, Hinz and Fliigge have 
identified a SlkDa protein of the choroplast envelope which 
preferentially incorporates 32P from (gamma-32P)ATP when 
transport of proteins is inhibited by treatment of the 
chloroplasts with pyridoxal 5 ' - p h o s p h a t e 3* . This SlkDa 
protein also is preferentially phosphorylated after binding 
to chloroplasts of a fusion protein which contains the pS 
transit peptide.
The apparent Km of the SlkDa protein for ATP is about 
5uM, which is much lower than the ATP concentration 
required for protein transport. These researchers pointed 
out that the precursor to be transported may also be 
phosphorylated during transport, and in fact they sometimes 
observed incorporation of 32P into the fusion protein when 
bound to chloroplasts in the presence of (gamma-32P)ATP.
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They suggest that two ATP-dependent processes are involved 
with transport of proteins into chloroplasts. Another ATP- 
dependent process could be the unfolding of the precursor 
during its transport, and this possibility will be 
discussed in the next section.
The Role of a Cytoplasmic Factor(s)
The transport of several precursors into mitochondria 
was shown to be dependent on a proteinaceous component of 
the reticulocyte lysate which was used to synthesize the 
precursors35^3 6 . The transport of purified precursor was 
not observed unless the reticulocyte lysate was added back 
to the reconstituted transport mixture. A protease-treated 
lysate could not restore transport3 7 . Transport of 
proteins into the endoplasmic reticulum is mediated by the 
signal recognition particle (SRP)38. The SRP is a complex 
of six proteins and an RNA which binds a precursor before 
its synthesis is complete and arrests its elongation. A 
component of the microsomal membrane, the docking protein, 
mediates binding of the ternary complex (ribosome, 
precursor and SRP) to the microsomal membrane where the SRP 
is released and translation resumes with concomitant 
t r a n s 1ocation of the precursor into the lumen of the 
endoplasmic reticulum. The presence of SRP was first 
indicated by the sensitivity to ribonuclease of protein
14
transport into microsomes. Transport of proteins into 
mitochondria is not sensitive to ribonuclease, so there is 
no i n d i c a t i o n  t h a t  a c o m p l e x  l i k e  the SRP is 
involved33'40.
Precursors are unfolded during translocation across 
membranes41i Bacterial maltose binding protein and ribose 
binding protein are less tightly folded as precursors than 
in the mature form42. In eukaryotes, a hybrid precursor 
targeted to mitochondria could not be transported in the 
presence of a specific ligand expected to stabilize the 
structure of the passenger protein4 3 . Furthermore, 
mutations in the passenger protein which destabilized its 
structure enhanced its transport44, as did its denaturation 
with urea prior to transport43. Transport of the precursor 
of a chloroplast protein, 5-enolpyruvy lshikimate-3- 
phosphate synthase, also was inhibited in the presence of a 
specific ligand4 6 .
A cytoplasmic factor could prevent the precursor from 
assuming a structure that cannot be unfolded. Two 
bacterial proteins have been postulated to play a role in 
export from bacteria. The precursor of the bacterial outer 
membrane protein OmpA was postulated to be maintained in a 
translocation-competent state by "trigger factor," a 
protein estimated to be 60kDa4 7 . The lOkDa secB gene 
product interacts with the precursor of the maltose 
binding protein (MBP) in the mature portion of the
15
precursor4**. Mutants of MBP retarded in folding were 
exported with greater efficiency than wild type MBP in 
secB~ cells, but a mutant which is normally exported 
e x c l u s i v e l y  in a p o s t - translational mode was not 
transported in secB~ cells. The secB protein was ascribed 
an anti-folding activity which promotes export of MBP.
Completed domains in proteins which are transported 
exclusively by a co-translational mode in both bacteria and 
microsomes may be prevented from folding by the presence of 
the ribosome. However, hydrolysis of ATP is required for 
co-translational transport into microsomes, and this ATP 
requirement is independent of the ATP required for 
translation49. The mechanism by which the energy of this 
ATP hydrolysis is used to drive transport must still be 
elucidated.
Recently, constitutively expressed cognates of the 
70kDa class of heat shock proteins were shown to stimulate 
protein transport into the endoplasmic reticulum and 
mitochondria. In one report, two distinct activities 
w h i c h  s t i m u l a t e  in v i t r o  p r o t e i n  t r a n s p o r t  into 
microsomes, one sensitive to N-ethyl maleimide (NEM) and 
the other insensitive, were purified from a yeast post- 
ribosomal supernatant50. The NEM-sensitive component was 
identified as a hsp70-related protein by its reactivity 
with an antibody directed against Drosophila hsp70. 
Further characterization of the hsp70-related protein
revealed that it consisted of two polypeptide species, the 
products of yeast genes, SSA1 and SSA2. Another report 
d e s c r i b e d  a genetic approach used to identify the 
stimulating activity of hsp7Q-related proteins on transport 
of proteins into microsomes and mitochondria5*. Yeast 
genes SSA1-4 define a subgroup of the eight genes in yeast 
coding for hsp7O-related prot e i n s 5 2 . Yeast strains 
containing disruptions in SSA1, SSA2 and SSA4 are inviable. 
One such strain was rescued by a copy of SSA1 on a 
centromeric plasmid. Expression of SSA1 was controlled by 
the yeast GALl promoter. When cells grown in the presence 
of galactose were shifted to medium containing glucose, 
expression of SSA1 was repressed. As levels of the SSA1 
protein declined, precursors of secreted proteins and 
mitochondrial protein precursors accumulated in the 
cytoplasm of the cells.
Previously, Pelham proposed that hsp70 modulates 
protein-protein interactions citing reports of the homology 
of hsp70 with the E . coli dnaK gene product and the 
clathrin uncoating enzyme (hsc70) , a cognate of hsp7055. 
Both of these proteins mediate assembly and disassembly of 
macromolecular structures. The clathrin uncoating enzyme 
requires ATP for its activity, and so this class of enzymes 
may have an ATP-dependent protein folding/unfolding 
activity. Pelham noted that there is probably much more 
hsc70 in cells than is required for disassembly of coated
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pits and that it could interact with nascent polypeptides 
to ensure their proper folding. This class of proteins may 
have a broad spectrum of activities, including a role in 
the transport of proteins into chloroplasts.
Assembly of RuBisCO and the Function of the RuBisCO Binding 
Protein
A fraction of RuBisCO large subunits newly-synthesized in 
organello associates with a 60kDa protein in non-denaturing 
g e l s 5 ^. The 60kDa protein was named the large subunit 
binding protein. A role for this protein in assembly of 
RuBisCO was suggested by the observation that large 
s u b u n i t s  d i s s o c i a t e d  from the binding protein in 
chloroplast extracts were assembled into RuBisCO. Further 
evidence was provided by the demonstration that antibody 
directed against the binding protein inhibits assembly of 
large subunits into RuBisCO55.
The RuBisCO binding protein forms a multi-subunit 
complex with one bound large subunit. The complex is 
disassembled in the presence of ATP to yield assembly- 
competent large subunits which may be in a smaller complex 
with the binding p r o t e i n 5 5 . In a model of RuBisCO 
assembly, Roy and Cannon indicate that this low molecular 
weight complex of large subunits is the species that binds 
small subunits in assembly of RuBisCO55.
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The association of newly-transported S with the high 
molecular weight large subunit binding protein complex was 
observed by analyzing the stroma after transport of pS on 
non-denaturing gels5 . Hence, large subunit binding protein 
is referred to as RuBisCO binding protein. S associated 
with the RuBisCO binding protein complex was not observed 
to reapportion into RuBisCO, so the functional significance 
of its association with this complex is unclear.
RuBisCO binding protein is homologous to the Ej_ coli 
groEL gene product57. Functional qroEL protein is required 
for phage head particle assembly58. In addition, the qroEL 
protein is involved with formation of the E . coli 
c h r o m o s o m a l  DNA replication initiation c o m p l e x 5 9 . 
Furthermore, a mutation in groEL suppresses a mutation in 
SSB encoding the single standed DNA-binding protein60 which 
is postulated to be a tetramer in its active form6! . The 
q r o E L  p r o t e i n  t h u s  may have a p r o t e i n  c o m p l e x  
assembly/disassembly-promoting activity (similar to that 
proposed for hsp70) based on its involvement in these 
processes. The attractive hypothesis was proposed by Ellis 
and coworkers57 that RuBisCO binding protein has retained 
this activity through evolution and applies it to assembly 
of RuBisCO.
Another homolog of the qroEL protein is a heat shock 
protein (hsp58) found in mitochondria62. Expression of 
groEL also is enhanced by heat shock63. The hsp58, like
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the groEL protein, forms a fourteen subunit homooligomer 
having unusual seven-fold symmetry®*. Since hsp58 is 
constitutively expressed at a lower level, McMullin and 
Hallberg suggested that the protein assisted refolding of 
proteins newly-transported into mitochondria under normal 
conditions as well as provided a protective function at 
increased temperatures. The wide range of interactions 
observed for groEL protein supports this hypothesis and 
suggests the possibility of a wider role in chloroplasts 
for the RuBisCO binding protein.
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Chapter 1
RNA Is Not Required for Post-translational 
Transport of the Precursor of a Chloroplast 
Protein
2 0
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The p r o c e s s e s  of p r o t e i n  t r a n s p o r t  into the 
endoplasmic reticulum (ER) and chloroplasts share common 
features; precursors contain an amino-terminal extension 
and transport requires A T P 3 6 , Transport of proteins into 
the ER occurs principally through a co-translational 
mechanism38. The amino-terminal signal peptide of the 
precursor is bound by the signal recognition particle 
(SRP) as it emerges from the ribosome. Binding of SRP to 
a nascent precursor is accompanied by translation arrest. 
Following binding of the ternary complex to the docking 
protein in the membrane of the ER, the SRP is released and 
translation proceeds with simultaneous translocation of the 
precursor into the lumen of the ER. The SRP is composed of 
six polypeptides and a 7S RNA. The functional importance 
of the RNA in SRP was demonstrated by the sensitivity to 
ribonuclease of protein transport in a reconstituted system 
of in vitro translation products and canine pancreatic 
microsomes.
Protein transport into mitochondria and chloroplasts 
occurs p o s t - t r a n s l a t i o n a l l y . In vitro translation 
products were transported into the isolated organelles in 
the absence of ribosomes8 5 '6 6 . Protein transport into 
m i t o c h o n d r i a  requires a proteinaceous cytoplasmic 
f a c t o r (s )3 ^ . Although the mode of transport into 
mitochondria differs from transport into the ER with 
respect to translation, a component like SRP could be
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involved. A requirement for an RNA in mitochondrial 
protein transport was indicated by the inhibition of 
transport by ribonuclease treatment of the translation 
mixture before incubation with mitochondria67.
In this report we demonstrate that transport of the 
precursor of the small subunit of ribulose-1 ,5-bisphosphate 
carboxylase/oxygenase (pS) into chloroplasts and its 
processing to the mature small subunit (S) is not sensitive 
to ribonuclease under conditions that inactivate SRP or 
conditions reported to inhibit protein transport into 
mitochondria. We also present evidence that the inhibitory 
e f f e c t  of r i b o n u c l e a s e  on protein transport into 
mitochondria was caused by aggregation of disassembled 
ribosomal components in the translation mixture.
Materials and Methods
Translation of pea poly(A)+ RNA, isolation of pea 
chloroplasts, and the incubation for transport were 
performed as described68. Where indicated, ribosomes were 
removed from the translation mixture by ultracentrifugation 
at 100,000xg for 2 hour. Micrococcal nuclease and 
p a n c r e a t i c  R N A s e  (RNAse A) we r e  u s e d  at final 
concentrations of 50ug/ml and lOOug/ml, respectively. 
Micrococcal nuclease requires Ca++ for activity, so ImM 
C a C l 2 was included in incubations with this enzyme.
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Electrophoresis of stromal proteins on 10-15% acrylamide 
gels was performed as desribed60. Gels were fluorographed 
according to Bonner and Laskev70.
Results and Discussion
Proteins secreted from eukaryotic secretory tissues 
are synthesized on rough ER and co-translationallv 
transported into the lumen of the organelle. This process 
can be reconstituted with a reticulocyte lysate translation 
system programmed with mRNA from secretory tissue and dog 
pancreas rough microsomes, Pre-secretory proteins are 
transported, processed and the mature forms protected from 
exogenous protease by isolated microsomes, but not by salt- 
extracted microsomes. Addition of SRP to salt washed 
microsomes restores transport and processing. Harsh 
ribonuclease treatment of isolated SRP (750u/ml micrococcal 
nuclease, for lOmin. at 30°C) is required to severely 
inhibit its activity3°.
Complete inhibition of in vitro protein transport into 
m i t o c h o n d r i a  was observed after treatment of the 
translation mixture with 5000u/ml RNAse A for lOmin at 37°c 
prior to its addition to the import reaction67. Rosenberg 
and coworkers suggested that the high concentration of 
ribonuclease required for inhibition of transport indicated 
that the RNAse-sensitive component was a ribonucleoprotein
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which could be stabilized by Mg++. RNAse treatment of the 
translation mixture at 27°C did not inhibit protein 
transport into mitochondria, but RNAse treatment at 27°C in 
the presence of 5mM ethylene diamine tetraacetic acid 
(EDTA) produced the inhibitory effect.
The effect of ribonuclease treatment on transport of 
proteins into chloroplasts was investigated utilizing 
either micrococcal nuclease or RNAse A. The post-ribosomal 
supernatant of a translation mixture containing precursors 
of chloroplast proteins and isolated intact chloroplasts 
were treated with micrococcal nuclease under the conditions 
n ecessary to inactivate SRP. Treated and untreated 
supernatants were incubated with treated and untreated 
chloroplasts. After incubation for transport the remaining 
precursors were digested with proteases, the chloroplasts 
were lysed, and the stroma fractions were analysed for the 
conversion of pS to S (fig. 1). Treatment of translation 
products and chloroplasts with micrococcal nuclease had 
only a slightly inhibitory effect on transport of pS.
The post-ribosomal supernatant of the translation 
mixture and/or chloroplasts were treated with 5mM EDTA or 
5mM EDTA and RNAse A under the conditions which inhibited 
transport of proteins into mitochondria (fig. 2). The 
amount of S transported was diminished when EDTA was 
present, but incubation with RNAse A caused no further 
inhibitory effect. These results Indicate that an RNA is
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not required for transport of proteins into chloroplasts. 
Protein transport into mitochondria could be different in 
this respect, but this seems unlikely considering the 
similarity in the mode of transport into these two 
organelles.
Since the inhibition of protein transport into 
mitochondria was apparently observed in the presence of 
ribosomes, the effect of ribonuclease on protein transport 
into chloroplasts was reinvestigated without the removal of 
the ribosomes in the translation mixture (fig. 3). Since a 
divalent cation likely is necessary to coordinate ATP 
required for transport, magnesium acetate was added to the 
transport reactions to compensate for EDTA present from 
treatments of translation and chloroplasts, and as a result 
treatment with EDTA had no effect on transport of p S . 
However, transport of pS was essentially blocked by RNAse 
treatment of the translation which contained ribosomes.
We noted that the translation mixture containing 
ribosomes became visibly cloudy after incubation with 
RNAse. This suggested that the harsh RNAse treatment 
disrupted the ribosomes and that aggregates of ribosomal 
proteins and other components of the translation mixture 
may have formed. To determine whether the ribosomal RNA 
had indeed been degraded, wheat germ extracts were treated 
with ribonuclease under the conditions used in the 
transport experiments, as well as other conditions
fed
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Figure 1. Transport of pS After Removal of Ribosomes and 
Treatment with Micrococcal Nuclease. Lane 1, total 
translation products labeled with 3 5 S-methionine; lane 2, 
stroma fraction after control experiment; lane 3, stroma 
fraction after transport of micrococcal nuclease treated 
translation; lane 4; stroma fraction after transport into 
nuclease treated chloroplasts; lane 5, stroma fraction 
after transport of treated translation into treated 
chloroplasts.
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Figure 2. Transport of pS After Removal of Ribosomes and 
Treatment with RNAse A. Lane 1. total translation products 
labeled with 3 5 S-methionine and centrifuged to remove 
ribosomes; lanes 2 -8 , stroma fractions after transport. 
Lane 2, control experiment; lane 3 r translation incubated 
with 5mM EDTA; lane 4, translation incubated with 5mM EDTA 
and RNAse; lane 5, chloroplasts incubated with 5mM EDTA; 
lane 6 , chloroplasts incubated with 5mM EDTA and RNAse; 
lane 7, translation and chloroplats incubated with 5mM 
EDTA; lane 8 , translation and chloroplasts incubated with 
5mM EDTA and RNAse.
Figure 3. Transport of pS After Treatment with RNAse A
(ribosomes remain present). Lane 1, total translation 
products labeled with 3 5S-methionine; lanes 2-8, stroma 
fractions after transport. Lane 2, control experiment; 
lane 3, translation incubated alone; lane 4, translation 
incubated with 5mM EDTA; lane 5, translation incubated with 
5mM EDTA and RNAse; lane 6 , chloroplasts incubated with 5mM 
EDTA; lane 7, chloroplasts incubated with 5mM EDTA and 
RNAse; lane 8 , translation and chloroplasts incubated with 
5mM EDTA and RNAse.
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Figure 4. Degradation of Wheat Germ Ribosomal RNA by 
Nucleases. Lane 1, wheat germ extract incubated alone at 
37°C; lane 2, extract incubated with RNAse A at 37°C; lane 
3, extract incubated with RNAse A at 27°C; lane 4, extract 
incubated with RNAse A and SmM EDTA at 27°C; lane 5, 
extract incubated with micrococcal nuclease and ImM CaCl2 
at 30°C.
discussed by Firgaira et al.67. After treatment, RNA was 
extracted with phenol/chloroform and analysed by agarose 
gel electrophoresis (fig. 4). Clearly all treatments 
degraded ribosomal RNA to some extent, and complete 
degradation occurred at 37°C or at 27°C in the presence of 
EDTA, conditions used in the experiments of Firgaira et al.
From these results we conclude that ribonuclease 
treatment does not inhibit in_ vitro protein transport into 
chloroplasts and is not likely to inhibit protein transport 
into mitochondria in the absence of ribosomes. Subsequent 
to our performing these experiments, a report was published 
in which the inhibitory effect of ribonuclease on protein 
transport into mitochondria was shown to be dependent on 
the presence of ribosomes40.
Chapter 2
Transport into Chloroplasts of Wild-type and 
Mutant Precursors of the Small Subunit of 
Ribulose-1,5-bisphosphate Carboxylase/Oxygenase 
and Their Assembly into the Holoenzyme
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Precursors of chloroplast proteins destined for the 
stroma and thylakoids contain amino-terminal extensions, 
t r a n s i t  p e p t i d e s ,  w h i c h  target precursors to the 
c h l o r o p l a s t 3 . During or after transport into the 
chloroplast, the transit peptide is removed as the protein 
is processed to its mature size for assembly into its 
functional state. The precursor (pS) to the small subunit 
(S) of ribulose-1,5-bisphosphate carboxylase/oxygenase 
(RuBisCO) has been studied extensively as a model for 
protein transport into chloroplasts because RuBisCO is an 
abundant plant protein, and it catalyzes the initial step 
in photosynthetic carbon fixation. Genes and transcripts 
of pS have been characterized in a number of species of 
plants. Weakly conserved regions in the transit peptides 
have been identified4 and, to some extent, their importance 
for transport has been demonstrated in vitro3-4 .
Gene fusions have been constructed linking the coding 
sequence of the transit peptide of pS to a number of 
"passenger" proteins in attempts to direct these proteins 
to chloroplasts both in vitro and in vivo5-10. The transit 
peptide is sufficient to target a fusion protein to the 
chloroplast, but the efficiency of transport and processing 
is sensitive to the passenger protein in a complex way. 
The processing site must be recognized and the precursor 
precisely cleaved. The processing protease does not 
appear to be sequence specific and thus, it must recognize
3 3
structural motifs which probably include part of the mature 
portion of the precursor. Furthermore, models for protein 
t r a n s p o r t  include an unfolded intermediate in the 
translocation pathway, so the mature portion of the 
precursor must not assume an immutably folded structure. 
Finally, domains in the mature protein may promote transfer 
in varying degrees depending on their affinity for the 
membrane or a "translocase."
Following translocation, the passenger protein must 
refold to assume its native structure or assemble into the 
appropriate complex. The assembly of large and small 
s u b u n i t s  into R u B i s C O  may be assisted by another 
chloroplast protein, the RuBisCO binding protein54. This 
protein was shown to bind large subunits which could 
subsequently be assembled into RuBisCO5 6 . The RuBisCO 
binding protein apparently also interacts with small 
subunits5 .
R e c e n t l y  the structure of tobacco RuBisCO was 
reported7!. Thus we can examine the influence of various 
domains on transport of pS and assembly of S while 
c o n s i d e r i n g  the c o n t r i b u t i o n  of d o m ains in S to 
intersubunit interactions in the assembled holoenzyme.
In this paper we describe the effect of mutations in 
the mature portion of pS on its transport and assembly. We 
chose two regions in S for analysis, a region containing a 
very hydrophilic domain which is absent in prokaryotic S
proteins7 2 '73 and a region within twenty-five residues C- 
terminal to the processing site. These regions are 
conserved in eukaryotic small subunits but have few 
intersubunit contacts in RuBisCO7 !. In addition, we 
deleted twelve amino acids in a region which is less well 
c o n s e r v e d  and has m a n y  i n t e r s u b u n i t  c o n t a c t s 7 1 . 
Radiolabeled mutant and wild-type precursors were incubated 
with Isolated intact chloroplasts and assayed for transport 
and assembly into RuBisCO holoezyme. Mutations near the 
processing site most severely interfered with transport and 
interfered least with assembly. A significant portion of 
the transported S which contained deletions accumulated in 
a complex with RuBisCO binding protein.
Materials and Methods
Plasmid Constructions. All recombinant plasmids were 
constructed by digesting existing plasmids with restriction 
enzymes, treatment of the DNA to generate compatible ends 
where necessary, separation of the DNA in low-melting 
agarose gels, excision of the desired fragments and finally 
ligation in the gel as described74. E. coli DHSalpha was 
transformed with the ligated DNA, and colonies were 
screened for recombinants by restriction analysis.
Mutant and wild-type pS genes were cloned into a 
derivative of pSP65 (Promega) which contains a multiple
cloning site downstream from the phage SP6 promoter. In 
the derivative of pSP65, a segment of DNA including a SphI 
site was removed between the two Drall sites which also 
were destroyed. The plasmid was digested with Drall, 
trimmed with mung bean nuclease and then recircularized. 
The Snabl/PstI fragment of pW975 containing the wheat pS 
coding region and 8bp of upstream noncoding sequence was 
inserted into this derivative of pSP65 digested with Smal 
and PstI . The resulting plasmid, pSn5 was used for 
construction of mutant pS genes and in_ vitro transcription 
and translation of mutant and wild-type pS.
Three deletion mutations near the N-terminus of S (in 
precursors, pSd62-72, pSd69-72 and pSd70-72) were generated 
in the following manner. Plasmid pSn5 was digested with 
Drall (at ala72 in pS) and trimmed with Bal31 nuclease to 
introduce deletions. The deleted DNA was digested with 
Hindlll, and the fragment containing sequences 3 1 from the 
Drall site was replaced with the corresponding fragment 
from pSn5 in which the Drall cohesive end was converted to 
a blunt end with mung bean nuclease. Resulting subclones 
were deleted for various lengths 5' from the Drall site. 
Recombinants were screened for deletions of the appropriate 
size by restriction analysis and for preservation of the 
reading frame by analysis of in_ vitro translation products 
by SDS-PAGE. The exact positions of these deletions was 
determined by dideoxy sequencing of the plasmid DNA using a
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primer complimentary to the SP6 promoter (Promega).
The deletion in pSd52-72 was created by digesting pSn5 
with Drall, treating with mung bean nuclease, digesting 
w i t h  Ball (at P 5 2  , the f i f t h  r e s i d u e  of S) and 
recircularizing the large fragment. The deletion in pSd78- 
89 was created by removal of the Sall/Xhol fragment 
corresponding to this region in S. Since there is another 
Sail site in the coding region of the transit peptide, the 
Sphl/Pst fragment containing the coding region of S was 
subcloned in pSP72 (Promega) to create the deletion. The 
deleted SphX/PstI insert was then moved back into pSn5.
Introduction of the valgg to asp replacement was 
accomplished similarly by substitution of the Sphl/Sall 
fragment in the wild type S gene with a fragment encoding 
a s PGAC Instead of v a l g T G *  T^e mutant fragment was 
constructed by the synthesis of seven oligonucleotides 
which were annealed to form a fragment having SphI and Sail 
cohesive termini.
Deletions near the middle of S (in precursors, pSd93- 
116, pSdl03-105, pSdl06-128 and pSdl06-121) were generated 
by digesting pSn5 with Smal (at Gioe) and trimming with 
Bal31 nuclease to introduce deletions. The deleted DNA was 
recircularized, and recombinants were screened for 
deletions of the appropriate size and reading frame as 
described above. The exact position of each deletion was 
determined by dideoxy sequencing of the plasmid DNA with
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one of the oligonucleotides used in construction of the 
val5 Q to asp substitution priming the sequencing reactions.
In vitro transcription and translation. The water 
used for reagents and reactions involving RNA. was treated 
with O.ISs diethyl pyrocarbonate and autoclaved. The 
plasmids were linearized with Hindlll and transcribed using 
SP 6 polymerase (Promega) in the presence of diguanosine 
t r i p h o s p h a t e  ( P h a r m a c i a )  a c c o r d i n g  to P r o m e g a ’s 
recommendations. The RNA was precipitated with 4M LiCl, 
resuspended in water and precipitated with ethanol. RNA 
equivalent to the amount transcibed from lug of plasmid DNA 
was translated in lOOul of a wheat germ cell-free 
translation system in the presence of 3 5 S-methionine as 
described for p o l y ( A ) + RNA except O.lmM S-adenosyl 
methionine was included68.
Transport of Radiolabeled Precursors into Isolated 
Chloroplasts. Intact wheat chloroplasts were isolated and 
used for the transport assay essentially as described68 
except that translation products were dialyzed to remove 
unincorporated 3 6 S-methionine to reduce the background 
radioactivity associated with protein complexes in the non- 
denaturing gel. Wheat seedlings were grown continuously in 
the dark for five days and in the light for two days with a 
twelve hour photoperiod.
Non- d e n a t u r i n g  and SDS-PAGE. SDS-PAGE on 155K 
acrylamide gels was performed as described6 9 . Non­
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denaturing gels containing a 4-15% acrylamide gradient were 
prepared similarly. Non-denaturing gels were prerun in a 
low ionic strength buffer (1 / 1 0 0 the concentration of the 
buffer used in SDS-PAGE) for lhr. Fresh buffer was added 
to the reservoirs and stroma samples containing 2 0 0 mM 
s o r b i t o l  a n d  b r o m p h e n o l  b l u e  w e r e  l o a d e d  and 
electrophoresed at 4°C. Gels were fluorographed according 
to Bonner and Laskey70.
Quantitation of Transport. Gel pieces containing 
radioactive polypeptides corresponding to bands visualized 
in the fluorogram were solubilized by incubation in 0.5ml 
30% hydrogen peroxide at 95°C for five hours followed by 
scintillation counting with 4.5ml Ecolume (ICN). The 
level of transport is expressed as the percentage of S 
presented (in p S ) which is transported, processed and 
protected from protease. The transit peptide contains two 
methionines which are removed during processing. Some of 
the deletions removed methionines in S and the calculation 
was adjusted accordingly.
Results
The translation products are shown in the top panels 
of figures 5 and 6 . Two predominant products were obtained 
for each clone except pSd52-72. The slower migrating 
protein has the expected mobility of the precursor. The
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faster migrating protein has the mobility of S. The faster 
migrating protein is either a product of spurious 
initiation from the methionine at the processing site or a 
degradation product of a protease activity in the wheat 
germ extract. We favor the second possibility because the 
faster migrating protein is absent in pSd52-72 and weakly 
represented in pSrVsgD, and initiation of translation is 
not likely to be affected by sequences 12 and 15 base pairs 
downstream, respectively, from the initiating methionine.
The stroma fractions after transport are shown in the 
bottom panels of figures 5 and 6 . The level of transport 
is expressed as the percentage of S (in pS) presented to 
chloroplasts which is processed and protected from 
proteases added after the transport reaction. Typical wild 
type levels ranged from 15 to 409£. The interference with 
transport of each mutation is graded by comparison of 
mutant and wild type levels of transport (Table 1). All 
mutations which severely interfere with transport are 
within the first twenty-five residues of S. Mutations 
which moderately interfere with transport include large 
deletions in the hydrophilic segment near the middle of S, 
the shortest deletion N-terminal from ala7 2 . and the valso 
to asp replacement. The shortest deletion in the middle of 
S and the twelve residue deletion at position 78-89 weakly 
interfere with transport.
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Figure 5. Transport of Various Mutants of pS altered 
within the First 25 Amino Acids of S. Top panel, SDS-PAGE 
and fluorography of translation products. Lane 1, pS; 
lane 2, pSrV5 0D; lane 3, pSd52-72; lane 4, pSd62-72; lane 
5, pSd68-72; lane 6 , pSd70-72. Bottom panel, stroma
fractions of chloroplasts after incubation with translation 
products. Lanes are as in top panel.
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Figure 6 . Transport of Various Mutants of pS Deleted in 
the Middle of S. Top panel, SDS-PA6 E and fluorography of 
translation products. Lane 1, pS; lane 2, pSd78-89; lane 
3, pSd93-116; lane 4, pSdl06-128; lane 5, pSdl06-121; lane 
6 , pSdl03-105. Bottom panel, stroma fractions of
chloroplasts after incubation with translation products. 
Lanes are as in top panel.
Precursor % of W.T. Transport
Wild Type 100
pSrVS0D 20
pSd52-72
pSd62-72 5
pSd68-72 10
pSd70-72 33
pSd78-89 46
pSd93-116* 33
pSdl03-105 69
pSdl06-128 20
pSdl06-121 29
*In this mutant serg2 was converted to arg.
Table 1. Relative Transport of Mutant pS.
Nearly all of the newly transported wild-type S was 
assembled into RuBisCO holoenzyme as indicated by its 
comigration in a discrete band with the holoenzyme in the 
non-denaturing gel (figure 7). A fraction of newly 
transported S which contained the val50 to asp replacement 
(15%) or the deletion at position 70-72 (20*) also was
assembled by this criterion, but the majority appears to be 
in aggregates of unknown and variable compostion evident as 
a smear in the native gel. The assembly into RuBisCO of S 
containing other deletions was very poor and most of the 
transported S is apparently in the aggregated form. Some 
of the newly transported wild-type S and Sd70-72 is 
associated with a complex having slower mobility than 
RuBisCO or the RuBisCO binding protein complex. SDS-PAGE 
analysis of this complex has revealed that it is composed 
of large and small subunits of RuBisCO (data not shown). 
This complex has not been further characterized, but we 
note that mutant S which assembles poorly does not 
associate with this complex.
A significant fraction (8-15*) of S containing a 
deletion comigrates with the RuBisCO binding protein 
complex. The identity of the complex was established by 
western blotting and immunodetection of RuBisCO binding 
protein with antibodies directed against a homologous 
protein, Tetrahvmena thermophila hsp58 (data not shown).
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Figure 7. Assembly of Various Mutants altered in S. Non­
denaturing PAGE and fluorography of stroma fractions of 
chloroplasts after incubation with translation products. 
Lane 1, mock translation; lane 2, p S ; lane 3, pSrVsgD; 
lane 4, pSd62-72; lane 5, pSd68-72; lane 6 , pSd70-72; lane 
7, pSd78-89; lane 8 , pSd93-116. R, RuBisCO; RBP. RuBisCO 
binding protein complex.
Discussion.
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Several non-chloroplastic proteins have been targeted 
to chloroplasts by assembling genes coding for hybrid 
precursor proteins containing the transit peptide of pS5- 
10. Hybrid precursors interacted with chloroplasts in both 
in vivo and in_ vitro experiments indicating that the 
t a rgeting function of the transit peptide may be 
independent of the passenger protein. However, hybrid 
precursor processing and translocation appears to depend on 
both the passenger protein and the context of the region 
linking the transit peptide to the passenger protein. We 
have observed that mutations in the authentic passenger 
protein, the mature small subunit of R u B i s C O , also 
interfere with transport. The position of each mutation is 
shown in figure 8 , and the effects of mutations in each 
region are discussed below.
Deletions in the N-terminal 25 Amino Acids of S
The most N-terminal six residues of S are strictly 
conserved within the eukaryotes76. This short segment of 
amino acids is likely to be part of the "transit peptidase" 
recognition site. Transport is very sensitive to mutation 
in this segment as indicated by the low level of tranport 
of pSrVgoD. The residues most proximal to the cleavage
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Figure 8 . The Position of Each Mutation In the Amino Acid 
Sequence of S. The sequence of wheat S (from ref. 75) is 
shown with amino acids numbered from the initiator 
methionine of pS. The first amino acid of S is met4e. The 
amino acids absent in cyanobacterial S proteins are in 
indicated with asterisks. The level of transport relative 
to wild-type pS is indicated in parentheses.
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site are apparently dispensible for transport. However, 
modifications or mutations in this region can affect 
correct processing. Carboxy-methylation of the cysteine on 
the N-terminal side of the pea pS cleavage site had no 
effect on transport but incompletely processed forms were 
observed28f29. Replacement of the N-terminal methionine of 
S with the tripeptide gly-ile-pro had no effect on 
transport or processing!4 . On the other hand, a short 
sequence reportedly required for processing lies a few 
residues N-terminal from the cleavage site in the transit 
peptide of pea pS30. Deletions in this region resulted in 
a c c u m u l a t i o n  in the stroma of most or all of the 
transported pS as incompletely or incorrectly processed 
intermediates . Only the largest of these deletions 
interfered with transport. The appearance of unprocessed 
forms of pS mutated anywhere in the N-terminal 25 amino 
acids of S is not noticeably greater than the amount 
observed for wild-type pS. We are unable to assess 
directly the effect of the valgg to asp substitution on 
recognition by the processing activity because our attempts 
to recover the activity from chloroplast lysates have so 
far been unsuccessful.
The appearance of unprocessed or incompletely 
processed forms of pS in the chloroplast stroma suggests 
that processing is not strictly required for transport. 
Unprocessed precursors were also observed in mitochondria
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in which the processing protease was inhibited by chelating 
agents3*. However, null mutations in the genes for the 
processing enzyme are lethal in yeast26. Schatz and 
coworkers suggested that accumulating precursors were toxic 
to the cell. Since so few precursors are presented in our 
in vitro assay, it is unlikely that sufficient pS 
accumulates to become toxic to the chloroplasts or to block 
transport of other molecules of mutant pS.
Newly-imported S was not observed in Chiamydomonas 
pulse-labeled with 3 5 S-methionine after chloroplast protein 
synthesis was inhibited by chloramphenicol??, since large 
subunits were not synthesized under this condition and 
chloramphenicol does not impair transport in vitro, Schmidt 
and Mishkind held that unassembled S was degraded in the 
chloroplast. However, despite the poor assembly of our 
mutants in S, the relative amounts of mutant and wild-type 
S were unchanged after further incubation of chloroplasts 
re-isolated from the transport mixture (data not shown) . 
Nevertheless, transport of pSrVsgD could be equal to 
transport of wild-type pS but not observed because a 
fraction of the transported pSrVsgD is degraded before it 
is processed. This conclusion is inconsistent with earlier 
observations of wild-type levels of transport with 
incomplete processing30. We can rationalize our results 
with mutants near the processing site in only two ways: 
processing limits translocation of mutant pS if the
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mutation is in the mature portion but not the transit 
peptide of pS. or the region immediately C-terminal to the 
processing site is profoundly Important for translocation 
of pS.
The N-terminal region of S has a broad tract of amino 
acids extending from leu57 to sergg which are conserved in 
eukaryotes and prokaryotes. Surprisingly, there are few 
intersubunit contacts in the holoenzyme with this portion 
of S. This segment forms a four turn helix in the mature 
enzyme. Residues 59-83 exhibit amphiphilic character when 
arranged in a helical wheel. Amphiphilic character of 
mitochondrial targeting sequences has been exhaustively 
investigated and may be the most essential structural 
feature for their function12. While the targeting function 
of the pS transit peptide is undisputed, the importance of 
the amino-terminal region of S for transport is evident in 
the severe defect caused by its deletion. Futhermore, in 
vitro transport of hybrid precursors that include a segment 
of S is superior to transport of hybrids lacking the N- 
t e r m i n a l  r e g i o n  of S. T r a n s p o r t  of n e o m y c i n  
phosphotransferase II and calmodulin was dramatically 
improved by inclusion of the N-terminal 23 or 25 amino 
acids of S, respectively (ref. 7 and Pomarico, Landry, and 
Bartlett, unpublished).
In a model of protein transport into organelles. 
Singer, et al. suggested that secondary structure
formation may provide part of the driving force for 
translocation78. The amino-terminal region of S could form 
an amphiphilic helix as it interacts with the interior 
surface of the chloroplast membranes or a hydrophobic 
surface of another protein. It is difficult to gauge the 
significance of these results in light of the fact that 
this segment of S is also conserved in prokaryotes. A gene 
for S transferred to the nucleus after endosymbiosis may 
have acquired the transit peptide as the mechanism for 
protein transport into chloroplasts evolved. Selective 
pressure on the evolution of S is probably exerted at the 
level of its interaction with the large subunit in the 
holoenzyme. Perhaps the synergistic effect on transport 
observed with the N-terminal region of S and the pS transit 
peptide indicates that the transit peptide is tailored to 
promote optimal transport of S.
Deletions in the Hydrophilic Region
A most striking difference between eukaryotic and 
prokaryotic small subunits is the absence in the bacterial 
protein of a hydrophilic sequence of twelve amino acids 
located at position 100-111 in wheat pS72. Most of these 
am i n o  acids are conserved in the eukaryotic small 
subunits. Although Chapman et al. identify contacts of 
assembled S with two large subunits and two small
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subunits71, the hydrophilic domain is noticeably lacking in 
contact sites. In some pS genes the DNA coding for this 
region of the protein is flanked by introns which could 
delineate a functional domain important for transport, 
processing or assembly in the chloroplast79.
We suspected that the hydrophilic domain was inserted 
in the nuclear pS gene after endosymbiosis, and that it may 
facilitate translocation, refolding or assembly of p S . 
Deletions in this region interfere with transport more than 
a d e l e t i o n  at p o s i t i o n  78 to 89 but much less than 
deletions near the N-terminus of S. This moderate effect 
on transport could result from a decreased ability to 
unfold during translocation. Alternatively, the unfolded 
mutant pS may have difficulty negotiating a hydrophilic 
environment encountered during translocation. Precursors 
at an intermediate stage of transport into mitochondria 
are extractable by alkali indicating that they are in an 
aqueous environment80. The unfolded mutant pS may tend to 
interact with hydrophobic components and thus translocation 
is hindered. The enhanced appearance of unprocessed forms 
of pS deleted in the hydrophilic region compared to wild- 
type pS suggests that deleted pS is trapped at a stage 
where it is inaccessible to either the processing protease 
or the exogenous proteases added after the incubation for 
transport. Comparison of hydropathy plots of wheat pS and 
pea pS reveals that wheat pS contains an additional
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hydrophilic region following the region interrupted by our 
deletions. Similar deletions in pea pS may be more 
deleterious to transport of pS. The mechanism of transport 
must require a delicate balance of the affinity of the 
unfolded precursor for the disparate environments presented 
by the membrane and aqueous compartments on each side.
Assembly of Mutant and Wild-type Small Subunits
Assembly of RuBisCO may be assisted by RuBisCO binding 
protein. RuBisCO binding protein was recently shown to be 
homologous to the E_;_ coli qroEL gene product5 7 which is a 
heat s h o c k  p r o t e i n 6 3 . The qroEL protein is also 
consti tutively expressed and is involved with phage head 
p a r t i c l e  a s s e m b l y 5 3  a n d  E . c o l i  c h r o m o s o m e  
replication53»60»61. These functions of the qroEL protein 
suggest that it mediates protein-protein interactions. The 
qroEL protein forms a 14 subunit homooligomer having seven­
fold radial symmetry6^ . The RuBisCO binding protein was 
reported earlier to form a complex of multiple subunits of 
binding protein which could associate with one RuBisCO 
large subunit5 5 . In a stromal extract, large subunits 
associated with the RuBisCO binding protein can be 
dissociated from this complex with concommitant assembly 
into RuBisCO. This process is inhibited by anti-RuBisCO 
binding protein a n t i b o d i e s 5 5 . Newly imported small
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subunits also interact with the binding protein6 .
We propose that newly imported S associates with a 
complex of large subunit and the binding protein oligomer 
as an intermediate step in the assembly of RuBisCO. 
Transported S containing a deletion in the N-terminal part 
of S was assembled into RuBisCO albeit to a lesser degree 
than wild-type S. Transported S containing a deletion in 
the hydrophilic domain absent in prokaryotic S proteins was 
assembled very poorly if at all. The block in assembly 
apparently occurs in a step after association with the 
RuBisCO binding protein because a significant portion of 
the mutant S remains associated with this complex. The 
r e m a i n d e r  is a p p a r e n t l y  in aggregates of unknown 
composition. We suspect that these aggregates contain 
large and small subunits in various stoichiometries.
Another homolog of the groEL protein is a eukaryotic 
heat shock protein, hsp58, found in the mitochondria of a 
w i d e  r a n g e  of o r g a n i s m s 6 2 . S i n c e  hsp58 is also 
constitutively expressed at a lower level, McMullin and 
Hallberg suggested that hsp58 mediates the refolding of 
newly transported proteins in the mitochondria. A similar 
function of the RuBisCO binding protein is indicated by 
its interaction with RuBisCO small subunits. The 
accumulation of mutant S in the binding protein complex may 
reflect its decreased ability to assemble with large 
subunits to form the holoenzyme. The aggregates with
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mutant S could be partially assembled forms of RuBisCO or 
partially disassembled subunits generated in the non­
denaturing gel due to the instability of RuBisCO which 
contains mutant S .
The superior transport of hybrid precursors which 
contain a segment of the amino-terminal region of S 
indicates that the effectiveness of the pS transit peptide 
is dependent on the nature of the mature portion of the 
precursor. We have shown that transport of the authentic 
passenger protein, S, is dramatically reduced when 
mutations are introduced in the amino-terminal region of S. 
Deletions in the middle of S, near a domain absent in 
prokaryotic S proteins affected transport to a lesser 
degree. These results suggest that the pS transit peptide 
is tailored for optimal transport of S, and in particular 
the segment of S immediately following the transit peptide.
Assembly into RuBisCO of S deleted near the middle of 
S was very poor whereas the defect in assembly was less 
severe for S which contained mutations in the amino- 
terminal region. A fraction of the mutant S proteins 
accumulated in a complex with RuBisCO binding protein 
indicating that this complex may be an intermediate in the 
pathway of assembly.
Chapter 3
The Small Subunit of Ribulose-l.5- 
bisphosphate Carboxylase/Oxygenase and Its 
Precursor Expressed In E . coli Are 
Associated with qroEL Protein
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The chloroplast enzyme, ribulose-1,5-bisphosphate 
carboxylase/oxygenase is a complex of 8 large and 8 small 
subunits3-. The large subunit {L) is synthesized in the 
organelle, and the small subunit (S) is synthesized in the 
cytoplasm as a precursor (pS) which is transported into the 
organelle2 - 3. Transport of pS into chloroplasts is poorly 
understood but is known to require the hydrolysis of ATP 
and is accompanied by the proteolytic removal of the 
amino-terminal transit peptide to yield S3 . Assembly of 
the LqSq holoenzyme may require the participation of 
a n o t h e r  p r o t e i n ,  r i b u l o s e - 1 , 5 - b i s p h o s p h a t e  
carboxylase/oxygenase binding protein5 4 , 55 , 56 , This 
protein was shown to be homologous to the bacterial qroEL 
gene product3?. Functional crroEL protein is required for 
the formation of head particles of some phage58 and is 
involved in replication of the E. coll chromosome 59,60,61.
Expression of the qroEL protein is enhanced by heat 
shock83, and another homolog of the qroEL protein is a heat 
shock protein (hsp 58) found in mitochondria of a wide 
range of organisms6 2 . Since hsp58 is present in the 
absence of heat shock, McMullin and Hallberg suggested that 
this protein may assist in the refolding of newly imported 
proteins in mitochondria.
To facilitate our investigation of the transport of pS 
into chloroplasts, we have expressed in E . coli a 
recombinant protein which contains pS fused to the carboxy-
terminus of staphylococcal protein A. The fusion protein 
was recovered from the bacterial lysate by affinity 
chromatography on IgG-agarose. A 58kDa protein copurified 
with the protein A-pS fusion in 1 to 1 stoichiometry by 
inspection of the polypeptides resolved in SDS-PAGE. The 
58kDa protein did not co-purify with protein A expressed 
alone from the parent vector. A chimeric gene encoding a 
fusion protein from which the transit peptide of pS has 
been deleted was also constructed. The level of expression 
of this fusion (protein A-S) was much greater than for 
protein A - p S . When equal amounts of affinity purified 
fusion proteins were analysed by SDS-PAGE, less of the 
58kDa protein appeared to co-purify with protein A-S. 
However, when fusion proteins were affinity purified in 
such a way as to ensure the recovery of all of the fusion 
in the lysate, the amount of 58kDa protein copurified was 
the same in each case, although the protein A-S fusion was 
expressed at a much higher level.
Western blots of the lysates and affinity-purified 
fractions were probed with antibodies directed against the 
Tetrahvmena thermophila hsp58. We identified a unique 
signal in all lysates and an enhanced signal corresponding 
to the 58kDa protein which copurified with fusion 
proteins. With this evidence we conclude that the 58kDa 
protein is the crroEL gene product, and that it has a strong 
affinity for S or p S . On the basis of the homologies
59
a m o n g  hsp58, the qroEL protein, and r i b u l o s e - 1.5- 
bisphosphate carboxylase/oxygenase binding protein, we 
believe this interaction is relevent and has implications 
for the mechanism of transport of pS and assembly of S into 
ribulose-1 ,5-bisphosphate carboxylase/oxygenase _
Materials and Methods
Construction of Plasmids. For all DNA manipulations, 
plasmids were treated with various enzymes to generate 
fragments with appropriately compatible ends. The DNA was 
electrophoresed in low-melting agarose gels. The desired 
fragments were excised and then ligated in the gel as 
descibed74. Escherichia coli DHSalpha was transformed with 
the ligation mixture, and mini-preparations of plasmid DNA 
were screened by restriction analysis. Schematic diagrams 
of fusion proteins encoded by the plasmids are presented in 
fig. 9.
Plasmid pApS was constructed as follows. Plasmid 
pRIT2T (Pharmacia) was linearized with the restriction 
enzyme Sma I and ligated with a 12 base pair Nco I linker 
(Pharmacia). The DNA was then digested with Nco I and Pst 
I. Plasmid pW975, containing a cDNA insert encoding wheat 
pS was digested with restriction enzymes Nco I and Pst I. 
The Nco I recognition sequence in pW9 includes the pS 
initiator codon. The fragment containing the cDNA was
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Fig. 9. Schematic Diagrams of Fusion Proteins Encoded 
by Plasmids. A_, protein A; t p . transit peptide of the 
precursor of the small subunit of ribulose-1 ,5-bisphosphate 
carboxylase/oxygenase; X_> factor Xa cleavage site; S_, small 
subunit of ribulose-1 ,5-bisphosphate carboxylase/oxygenase.
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ligated between the Nco I and Pst I sites in the linker- 
ligated pRIT2T. In the resulting pApS plasmid, the 
translational reading frame of a truncated protein A gene 
in pRIT2T is maintained through the Nco I site into the pS 
coding region, thus the chimeric gene encodes a protein A- 
pS fusion protein.
The fusion protein contains the formic acid sensitive 
dipeptide asp-pro at five positions in the truncated 
protein A, one of which is five residues amino-terminal to 
the initiator methionine of pS81. Cleavage of the fusion 
protein by formic acid was inefficient and generated an 
unexpected major product that was the size of S and reacted 
with anti-S antibodies (data not shown). To obtain more 
e f f i c i e n t  and s p e c i f i c  cleavage, we introduced a 
coagulation factor Xa recognition site between protein A 
and p S . Plasmid pAXpS was constructed by inserting a 
hybridized pair of oligonucleotides which encode the 
sequence, asn-ser-ile-glu-gly-arg-thr, between the unique 
EcoR I and Nco I sites of pApS. Factor Xa Is expected to 
cleave the fusion protein between arg and thr. Information 
concerning these cloning steps and cleavage of the fusion 
protein will be presented elswhere. A similarly cleavable 
fusion of the lambda ell protein and beta-globin was 
previously expressed in E. coli by Nagai and Thdgersen82.
Plasmid p A X S , encoding a protein A-S fusion was 
constructed by digesting pAXpS with Nco I, end-filling with
62
Klenow polymerse, digesting with Sph I (corresponding to 
the pS processing site), blunting the ends with mung bean 
nuclease and recircularizing the large fragment.
Plasmid pAXpSd52-72 was constructed utilizing a pS 
cDNA subcloned into a derivative of pSP65 (Promega) from 
which the Dra II sites had been deleted. The plasmid was 
digested with Dra II, trimmed with mung bean nuclease, then 
digested with Bal I and finally religated. The Nco I/Pst I 
fragment from this plasmid was ligated into pAXpS which was 
digested with the same enzymes. The fusion protein 
expressed from this plasmid contains a deletion in the 
mature portion of pS from pro52 (the fifth residue of S) to 
ala72.
Preparation of Fusi on Proteins. Plasmid pRIT2T 
contains the lambda Pj^  promoter upstream from the 
truncated protein A gene. Initial experiments revealed 
that E . coli DHSalpha could serve as host to the plasmid 
despite the absence of a gene for a repressor in the 
chromosome or plasmid. Furthermore, protein A or fusion 
protein was expressed in DHSalpha at a greater level than 
in E . coli N4830-1 transformed with the same plasmid 
induced at 42°C. Strain N4830-1 contains the lambda cl857 
gene encoding a temperature sensitive repressor83.
Protein A or fusion protein was prepared essentially 
as described8!. A 0.51 culture was grown in rich medium 
at 37°C to stationary phase and then chilled on ice. All
subsequent manipulations, with the exception of affinity 
chromatography were carried out at 4°C. The cells were 
pelleted, raised in 50ml of 50mM Tris-HCl pH 7.5, 150mM
NaCl , lOmM EDTA, 0.1 mg/ml leupeptin, and lysed by 
sonication. Cell debris was pelleted by centrifugation at 
10,000xg, and the supernatant was applied to 2.5ml of 
loosely packed IgG-agarose prepared using Reacti-gel (6X) 
(Pierce) and rabbit IgG according to the manufacturer's 
recommendations. The mixture was rocked continuously for 
30 min. at room temperature, and then the matrix was washed 
batch-wise three times with a large excess of 50mM Tris-HCl 
pH 7.5, 150mM NaCl. Protein A or fusion protein was eluted 
from the column with three washes of 3ml of 0.5M acetic 
acid/ammonium acetate, pH 3.4. The eluted batches were 
pooled and lyophilized. The lyophilized fusion protein 
appears to be insoluble in aqueous buffers unless they 
contain denaturants such as urea or SDS.
The r e c o v e r y  of all fusion in the lysate was 
accomplished by starting with a 6ml culture and affinity 
purifying protein A and fusions as above so the amount of 
aff in ity column was not limiting. In this case the 
proteins were eluted with 0.1M glycine-HCl pH 2.4 which we 
have found to be more effective than HAC/NH4AC at removing 
fusions from the IgG column.
Gel Electrophoresis and Western Blotting. Samples 
representing equal portions of lysates (and unbound
fractions from the quantitative purification) and samples 
containing approximately equal amounts of protein A or 
fusion protein (or samples representing equal portions of 
affinity purified fractions from the quantitative affinity 
purification) were fractionated by SDS-PAGE69. Identical 
sets of lanes in the gel were either stained with Coomassie 
blue or electrophoretically transferred to nitrocellulose 
membranes. Blotted membranes were probed with antibodies 
raised against Tetrahymena thermophila hsp58 according to 
the method of Burnette84 and subjected to autoradiography.
Results and Discussion
We have used a specialized plasmid to construct a 
chimeric gene encoding a protein A-pS fusion. The gene is 
downstream from the lambda Pr  promoter. E. coli DHSalpha 
transformed with the recombinant plasmid (pApS) expressed 
the fusion protein at a moderate level, approximately 2.5mg 
per liter of culture. Practically all of the fusion 
expressed in a 0.51 culture was recovered from the soluble 
fraction of the cell lysate (data not shown) . A fusion 
protein also was expressed in which a coagulation factor Xa 
recognition site was introduced between protein A and pS 
(plasmid pAXpS). Derivatives of this plasmid were 
constructed that expressed fusion proteins in which the 
transit sequence was deleted (pAXS), or in which twenty-one
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amina acids were deleted from the amino-terminal region of 
S (pAXpSdS2-72). Protein A alone and protein A-S were 
expressed at a much higher level than fusions which contain 
the pS transit peptide. Polypeptides corresponding to 
protein A (30kDa) and protein A-S fusion (45kDa), but not 
fusions containing the transit peptide, are evident in the 
stained gel of total s olub le proteins from DH5alpha 
transformed with the respective recombinant plasmids {fig. 
1 0 , top panel).
Analysis of the affinity purified proteins in SDS-PAGE 
revealed that a 58kDa protein copurified in stoichiometric 
amounts with fusions containing the transit peptide, but in 
considerably less than stoichiometric amounts with protein 
A-S (fig. 11, top panel). The 58kDa protein did not co- 
purify with protein A expressed from the parent vector. 
The lower level of 58kDa protein copurifying with protein 
A-S could be explained by its having a lower affinity for 
protein A-S. Alternatively, the amount of protein A-S may 
exceed the amount of 58kDa protein available to bind a 
fusion protein. The 6 6 kDa polypeptide in affinity-purified 
fractions copurified in proportion to the amount of cell 
lysate applied to the column (fig. 1 2 ). This protein 
apparently has an affinity for IgG-agarose, and it was not 
further chara ct er ized. Other smaller poly pe pt i de s 
associated with the affinity purified fusions but not 
protein A alone are likely to be breakdown products of the
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Fig. 10. SDS-PAGE of total soluble proteins in the 
lysates of E. coli which express protein A or a fusion 
protein and the autoradiograph of the western blot probed 
with anti-hsp58. Top p a n e l . Extracts of E . coli
transformed with the plasmid pRIT2T (1), pApS (2), pAXpS 
(3), pAXS (4), or pAXpSd52-72 were separated by SDS-PAGE 
and stained with Coomassie blue. The open arrowhead 
indicates the position of protein A-S fusion. The filled- 
in arrowhead indicates the position of truncated protein A. 
Molecular weight markers are at left (carbonic anhydrase, 
31kDa; ovalbumin, 42.7kDa; bovine serum albumin, 66.2kDa; 
phosphorylase b, 97.4kDa). Bottom panel, a set of lanes 
from SDS-PAGE identical to those stained in the top panel 
were transferred to a nitrocellulose membrane. The blotted 
membrane was probed with antibodies to the T_j_ thermophila 
hsp58 and subjected to autoradiography. Only the region in 
the autoradiograph corresponding to the mobility of the 
58kDa protein is shown.
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Fig. 11. SDS-PAGE of proteins affinity purified on 
IgG-agarose and the autoradiograph of the western blot 
probed with anti-hsp58. Proteins were affinity purified 
from bacterial lysates of E . coli transformed with plasmid 
. PRIT2T (1), pApS (2), pAXpS (3), pAXS (4) or pAXpSd52-72 
(5). Open arrowheads bracket positions of fusion proteins. 
The filled-in arrowhead indicates the position of the 
truncated protein A. Molecular weight markers are at left 
as in figure 1., top panel. Top panel. affinity purified 
p r oteins were separated by SDS-PAGE and stained with 
Coomassie blue. Bottom panel, a set of lanes identical to 
those in the top panel were transferred to a nitrocellulose 
membrane. The blotted membrane was probed with antibodies 
to t h e  T . t h e r m o p h i l a  h s p 5 8  a n d  s u b j e c t e d  to 
autoradiography. Only the region in the autoradiograph 
corresponding to the mobility of the 58kDa protein is 
shown.
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fusions that retain one or more of the six IgG-binding 
domains of protein A. These polypeptides probably arise in 
E. coli as a result of endogenous proteolytic activities.
Previous work by McMullin and Hallberg has shown that 
antibodies directed against the T. thermophila hspSS cross- 
react with a single E . coli 58kDa protein, the groEL gene 
product6 2 . Other evidence indicates that hsp58 and the 
groEL protein are homologous. Both the T. thermophila 
hsp5862 and the groEL protein64 can be isolated as a 14 
subunit homooligomer having unusual 7-fold radial symmetry, 
and the genes for yeast hsp58 and groEL have a high degree 
of s e q u e n c e  s i m i l a r i t y  (A. M. M y er s,  p e r s o n a l  
communication) .
Antibodies to T . thermophila hsp58 were used to probe 
western blots of cell lysates and affinity purified 
fractions from E. coli which expressed protein A or fusion 
protein (figs. 10 and 11, bottom panels). One predominant 
signal was observed in all lysates. The position of the 
signal in the autoradiograph corresponds to the position 
where a 58kDa protein would migrate in the gel. We could 
not attribute this signal to a particular polypeptide in 
the stained gel of the cell lysates because a number of 
proteins migrate near this position. We believe the anti- 
hsp58 antibodies have reacted with the groEL gene product 
which is consistent with the earlier observations62. The 
signal is slightly stronger in lysates from E^_ coli that
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expressed a fusion compared to the signal in the lysate of 
E . coli that expressed protein A. Thus, expression of a 
fusion which contains pS or S may enhance synthesis of 
qr oEL protein, but a significant amount of the groEL 
protein is present in bacteria which express protein A 
alone.
Signals in the autoradiograph of the western blot of 
affinity purified fractions correspond to the copurified 
58kDa protein, and the intensity of the signals correlates 
with the intensity of the stained bands. Since no signal 
was detectable in the affinity purified fraction of the 
lysate from E. coli producing protein A alone, we conclude 
that the groEL protein has a strong affinity for pS or S 
and not protein A or IgG-agarose, The low degree of 
association of groEL protein with protein A-S could result 
from the high level of expression of protein A-S if the 
amount of fusion exceeds the amount of available groEL 
protein.
Protein A and fusions to pS and S were purified from 
small cultures so that all of the protein A or fusion in 
the lysate would be recovered. The lysates, unbound 
fractions and affinity purified fractions were analysed by 
SDS-PAGE and western blotting as before (figure 12). The 
amount of groEL protein that copurified with fusions to pS 
and S was equal indicating that the total amount of groEL 
associated with each fusion is the same. As before, groEL
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Fig. 12. SDS-PAGE of fractions from the quantitative 
a f f i n i t y  p u r i f i c a t i o n  of fusion proteins and the 
autoradiograph of the western blot probed with anti-hsp58.
The lysates (1-3), unbound fractions (4-6), and affinity 
purified proteins from bacterial lysates of E . coli 
transformed with plasmid pRIT2T (1,4,7), pAXS (2,5,8) or 
pAXpS (3,6,9). The open arrowhead indicates the position 
of the groEL protein. Molecular weight markers are at 
right as in figure 1., top panel. Top panel, fractions 
were separated by SDS-PAGE and stained with Coomassie 
blue. Bottom panel, a set of lanes identical to those in 
the top panel were transferred to a nitrocellulose 
membrane. The blotted membrane was probed with antibodies 
to t h e  T . t h e r m o p h i 1 a h s p 5 8  a n d  s u b j e c t e d  to 
autoradiography. Only the region in the autoradiograph 
corresponding to the mobility of the 58kDa protein is 
shown.
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protein did not copurify with protein A expressed alone. 
A fraction of the aroEL protein was in the unbound fraction 
which suggests that a fraction of groEL protein is 
unavailable for binding to pS or S. This fraction may be 
sequestered from the fusion by binding to E . coli 
constituents having a greater affinity for groEL protein. 
This is not surprising in view of the absolute requirement 
of functional groEL for E. coli viability65. Since protein 
A and protein A-S were expressed at a higher level in E. 
coli . we speculate that the availabdlty of groEL protein 
limits the accumulation of fusion proteins which contain 
the pS transit peptide.
The groEL gene product is required for the assembly of 
phage head particles in E ^  coli56 , an(3 it is involved in 
replication of the E . coli chromosome59. Reuben et al. 
found that mutations in qroEE. suppressed a mutation in SSB 
encoding the single-stranded DNA-binding protein6©. The 
active form of the single-stranded DNA-binding protein is 
probably a tetramer6!. Reuben et al. suggested that mutant 
qroEE protein either suppressed dissociation of tetramers 
or aided in their assembly.
E x p r e s s i o n  of the groEL protein 6 3 and of the 
mitochondrial homolog h s p 5 8 6 2 is enhanced at elevated 
temperatures. Some heat shock proteins and their 
constitutively expressed cognates are postulated to 
modulate protein-protein interactions, perhaps with an ATP-
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dependent unfolding activity55. Precursors probably are 
unfolded during translocation into the endoplasmic 
reticulum, the m it ochondrion and the chloroplast4 1 . 
Cytoplasmic proteins related to the eukaryotic 70kDa heat 
shock protein stimulate transport of precursors into the 
endoplasmic r e t i c u l u m 5 0 ' 5 1  and m i t o c h o n d r i o n 5 1 . A 
c y t o p l a s m i c  factor may also stimulate tranport of 
precursors into chloroplasts.
Refolding of newly imported proteins inside the 
organelle and their assembly into macromolecular complexes 
m a y  be p r o m o t e d  by a p r o t e i n  h a v i n g  a p r o t e i n  
folding/unfolding activity. This function was suggested 
for the mi tochondrial h s p 5 8 6 2 . In chloroplasts the 
ribulose-1 ,5-bisphosphate carboxylase/oxygenase binding 
protein appears to mediate the assembly of ribulose-1 ,5- 
bisphosphate carboxylase/oxygenase, and both large54 and 
small5 subunits have been shown to associate with the 
binding protein. hike hsp58, ribulose-1,5-bisphosphate 
carboxylase/oxygenase binding protein is homologous to the 
crroEL protein although there is as yet no evidence of its 
enhanced expression as a result of heat shock. The groEL 
protein and its homologs may recognize exposed hydrophobic 
surfaces in unfolded proteins as postulated for hsp7055. 
We do not know if groEL protein associates with other 
foreign proteins expressed in E_;_ coli. Binding of S by the 
groEL protein may indicate that RuBisCO binding protein,
like the groEL protein, has a broad specificity of protein 
binding. A generalized activity of protein binding might 
be involved in the refolding and assembly of proteins other 
than the large and small subunits of r i b u l o s e - 1 ,5- 
bisphosphate carboxylase/oxygenase. Experiments designed 
to test this possibility presently are underway.
Chapter 4
A Discussion on Expression of pS in E . coli 
and Recovery of pS in a Transport-competent 
State
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The effort to express pS in E . coli was undertaken to 
obtain chemically pure pS in large amounts which are not 
otherwise available. Precursors of chloroplast proteins 
have not been detected in vivo. Furthermore, precursors do 
not accumulate in the cytoplasm in amounts observable even 
by pulse-labeling of unicellular green algae, presumably 
because precursor transport into chloroplasts and precursor 
processing are very e f f i c i e n t 7 ?. Algal mutants in 
chloroplast protein transport or processing have not been 
isolated, and yeast mutants in mitochondrial processing are 
lethal, perhaps because of a detrimental effect of 
precursor accumulation26. These observations mirror the 
difficulties I have encountered attempting to express pS in 
E. coli .
Expression of pS in E^_ coli
Abnormal proteins are particularly good substrates for 
E. coli proteolytic activities, such as the ATP-dependent 
protease La which is a heat shock protein86. My attempts 
to express pS alone or fused to the N-terminus of beta- 
galactosidase in E. coli were probably frustrated by the 
efficient degradation of these proteins by host proteases. 
For example in the first attempts to express pS, the pS 
gene was inserted in a plasmid downstream from a strong 
hybrid promoter under control of the lac repressor. When
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e x p r e s s i o n  was i n d u c e d  by a d d i t i o n  of isopropyl 
thiogalactoside, pS did not accumulate to levels detectable 
in a western blot of the lysate probed with anti-S 
antibodies, although a polypeptide the size of S was 
detected. The plasmid was transformed into an E. coli host 
which contains null mutations in htpr and Ion, genes for 
the RNA polymerse sigma factor specific for the heat shock 
regulon and protease La, respectively86. When expression 
of pS was induced in this E. coli strain, cell growth was 
arrested.
In the protein A-pS fusion, protein A probably shields 
to some extent the transit peptide from the activity of 
host proteases and from interactions detrimental to the 
cell. The high level of expression of protein A-S relative 
to p r o t e i n  A - p S  f u r t h e r  illustrates the peculiar 
sensitivity of the transit peptide to E . coli host 
processes or vice versa.
Recovery of Transport-competent pS
The strategy for expression of pS outlined in chapter 
3 was largely successful because pS in milligram quantities 
is produced as a fusion to protein A, and the soluble 
fusion protein is easily recovered by chromatography on 
IgG-agarose. Protein A-S and protein A-pS fusion proteins 
are cleavable by factor Xa to yield protein A and S or pS
(fig. 12). I have attempted to observe tranport of this 
recombinant pS expressed in E . col i . E . coli cultures 
expressing a fusion were labeled with 3 5 S-methionine after 
amplification of the plasmid DNA by incubation of the 
culture with chloramphenicol. Fusions labeled to high 
specific activity have been obtained. Fusion proteins 
containing pS and S, as well as pS and S but not protein A 
from cleaved fusions readily associate with chloroplast 
membranes. The bound proteins are susceptible to exogenous 
proteases -and pS is not processed to S. Since recombinant 
S binds as well as recombinant pS though S lacks a transit 
peptide, binding could be regarded as non-specific and may 
have no significance for transport of pS into chloroplasts. 
Futhermore, unlabeled recombinant pS at ~img/ml did not 
interfere with transport of pS synthesized in vitro.
Incorrect folding or aggregation may be responsible 
for the inability of recombinant pS to be transported. 
Some eukaryotic proteins expressed in E . coli are 
notoriously difficult to isolate in an active form3?. To 
my knowledge the precursor of mitochondrial aspartate 
aminotransferase (AAT) is the only other authentic 
precursor of a chloroplast or mitochondrial protein which 
has been expressed in E . coli33 . Neither precursor nor 
mature AAT was expressed at a high level, 0.3mg and 2mg per 
liter of culture, respectively. Since a protease-deficient 
E. coli strain was used, the authors suggested that the low
8 1
I 2 3 4
Figure 13. Affinity Purified Fusion Proteins Are Cleavable 
by Factor Xa . Approximately 2mg of fusion proteins were 
incubated with 2units of factor Xa for 8 hr. at room 
temperature. Lane 1, protein A-S; lane 2, protein A-pS; 
lane 3, cleavage products of protein A-S; lane 4; cleavage 
products of protein A-pS.
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level of expression resulted from suboptimal translation 
rather than proteolytic degradation of the foreign protein. 
The genotype of the E . coli strain was not reported. The 
precursor but not mature AAT sedimented with the insoluble 
material in the lysate. The precursor was soluble only in 
solutions of urea or SDS indicating that it was sequestered 
in inclusion bodies.
Affinity purified protein A-S and protein A-pS slowly 
precipitate from the neutralized or dialyzed eluent from 
the IgG column during storage at 4°C regardless of which 
chaotropic agent (H+ , 0H“ or MgCl2 ) is used to elute the 
fusions from the affinity column. Lyophilized fusions are 
soluble in 4M urea but begin to precipitate after urea is 
removed. Fusions apparently are at least temporarily 
available for factor X a cleavage after removal of urea. 
However, recombinant S and pS also precipitate in aqueous 
solutions. This behavior for S might be explained by its 
normal occurence in RuBisCO and never free in solution, but 
S can be disassembled from the holoenzyme in a soluble 
form89.
The importance of unfolding in mitochondrial protein 
transport was investigated by diluting a hybrid precursor 
from 8M urea into the transport assay mixture such that the 
final urea concentration was 600mM45, This concentration 
r e p o r t e d l y  did not affect transport of the native 
precursor. A similar experiment was performed with
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recombinant pS which was solubilized in urea after cleavage 
of the fusions with factor X a . in contrast to the 
observation with mitochondria, transport of in vitro 
translated pS was completely inhibited at the final urea 
concentration of only 50mM.
S i n c e  the aggreg a t i o n  of pS seems to be time 
dependent, the transport of pS may be observed in a window 
of time between the removal of urea and pS precipitation. 
The presence of an anti-oxidant may also help prevent pS 
from assuming a transport-incompetent state. Repeated 
cycles of reduction and oxidation during denaturation and 
renaturation were used to activate proteins sequestered in 
i n c l u s i o n  bodies®"?. Furthermore, the presence of 
dithiothreitol may stimulate post-translational transport 
into the ER of two precursors normally transported 
exclusively in a co-translational mode90'91. Fortunately, 
in vitro synthesized pS is transported into chloroplasts in 
the presence of DTT at concentrations up to 50mM, although 
higher concentrations are inhibitory (S. M. Pomarico, 
personal communication).
The presence of groEL protein could inhibit transport 
of pS into chloroplasts. Recently the separation of 
protein A-pS fusion from groEL protein was accomplished by 
chromatography on Cibachrome blue sepharose. As of this 
writing, the potential of this material to form aggregates 
and the potential of pS derived from the fusion to be
84
transported has not been investigated.
Finally, transport of pS into chloroplasts may require 
a cytoplasmic factor, such as the hsp70-related proteins 
which stimulate protein transport into the endoplasmic 
reticulum^O,51 and mitochondria®1. Wheat germ extracts 
have been added to recombinant pS before and after its 
d enaturation/renaturatio n prior to incubation with 
chloroplasts, but transport was not observed. Any 
potential stimulatory effect may have been masked by some 
other property unfavorable to transport of the recombinant 
p S . The optimal procedure for preparation of pS in a 
transport-competent state undoubtedly incorporates elements 
of all these considerations. Attempts are still being made 
to reconstitute transport of recombinant pS.
Conclusions and Future Prospects
8 5
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SRP and P r o t e i n  T r a n s p o r t  into M i t o c h o n d r i a  and 
Chloroplasts
Our u n d e r s t a n d i n g  of protein transport across 
membranes has made dramatic advances in the past ten years. 
R e c o n s t i t u t i o n  of transport into mitochondria and 
chloroplasts gave rise to the distinction between co- 
translational ( ER , bacteria) and post-translational 
(mitochondria and chloroplasts) modes of transport65-66. 
The distinction is now becoming blurred by recent 
observations25. (i) ER an(j bacteria can transport certain 
proteins post-translationally. (2) All protein transport 
processes require ATP independent of the ATP required for 
translation. (3) Proteins related to eukaryotic hsp70 can 
stimulate post-translational transport of proteins into the 
ER and mitochondria.
Transport across these membrane systems differs with 
respect to sequences in the precursor interacting with the 
transport apparatus and with respect to the soluble and 
membrane-bound components of the transport apparatus so far 
identified, hsp70-related proteins notwithstanding25. The 
involvement of an SRP-like component in protein transport 
into mitochondria and chloroplasts cannot be ruled out. 
However, the observation that ribonuclease treatment harsh 
enough to disassemble ribosomes does not interfere with
8 7
protein transport into these organelles strongly indicates 
that an RNA is not required (ref. 40 and this work).
Since all precursors of mitochondrial and chloroplast 
prot e i n s  examined so far can be transported post- 
translationally, future research is likely to focus on the 
unfolding of precursors during transport and the factors 
involved in this process, such as hsp70-related proteins.
Constraints on the Mature Portion of a Precursor Protein
Substantial evidence indicates that the signal 
peptide, presequence or transit peptide contains all the 
necessary information for targeting of a precursor to the 
tranport apparatus in the target membrane25. Nevertheless, 
evidence is accumulating for all of these systems which 
suggests the mature portion of the precursor must have 
characteristics permitting translocation. In E . coli, the 
secB gene product interacts with the mature portion of a 
precursor and prevents its folding into a transport- 
incompetent state48. Stop-transfer domains in precursors 
targeted to the ER lodge a protein in the membrane of the 
ER, depending on the context of the stop-transfer domain in 
the p o l y p e p t i d e 9 2 . Finally, although some hybrid 
precursors are transported into m i t o c h o n d r i a 9 3  and 
chloroplasts5-^9 , others are not, or are transported very 
inefficiently. Moreover, sequences in the mature part of
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authentic precursors for mitochondrial proteins influence 
their binding and transport94, and deletions in the mature 
part of the precursor of a chloroplast protein can reduce 
its transport to less than 10* of the level observed with 
the wild-type precursor (this work). These observations 
indicate that presequences and transit peptides are 
tailored to promote optimal transport of the authentic 
precursor.
Features which influence transport in the mature part 
of a precursor may be revealed by analyzing the transport 
and processing of precursors which have been modified in a 
systematic way by recombinant DNA technology. For 
instance, the inhibitory effect on pS transport into 
chloroplasts of mutations in the first 25 amino acids of S 
can be examined in a different context. Fusion proteins 
composed of wild-type and mutant pS fused to the C-terminus 
of wild type pS may be transported equally well but 
processed differently or processed in a similar fashion but 
transported at different levels.
The Pathway of Refolding and Assembly
The recent report of the homology between groEL 
protein, mitochondrial hsp5862 and chloroplastic RuBisCO 
binding protein5 7 will stimulate investigation of events 
associated with transport on the trans-side of the target
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membrane.
In this work mutant S was shown to accumulate in the 
RuBisCO binding protein complex. RuBisCO binding protein 
was implicated in assembly of RuBisCO by its interaction 
with large subunits54. Only a weak association of wild- 
type S with RuBisCO binding protein has been observed5 . It 
is tempting to speculate that mutant S proteins accumulated 
in this complex because they were blocked at a subsequent 
step in the assembly of RuBisCO (fig. 14). S deleted at 
position 70-72 accumulated in the RuBisCO binding protein 
complex, but a significant fraction was assembled into 
RuBisCO. This mutant could reveal sequential steps in the 
assembly of S into RuBisCO by its re-distribution between 
the binding protein complex and RuBisCO over time after 
transport.
The RuBisCO binding protein may have a generalized 
refolding and assembling activity. The groEL protein is 
involved in the assembly of a variety of macromolecular 
structures. After submission of this dissertation for 
review, a paper appeared in which groEL protein was shown 
to transiently associate with newly-synthesized proteins in 
vitro^5 . GroEL protein formed a 20S complex with the 
newly-synthesized proteins, and the complex dissociated in 
the presence of ATP but not a non-hydrolysable analog of 
ATP. GroEL protein apparently recognizes the proteins in 
an unfolded state because denatured myoglobin competes for
9 0
F
pS-
RuBisCO
RuBisCO
Binding
P ro te in
Figure 14. A Model for Transport and Assembly of the Small 
Subunit of RuBisCO.
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its binding. GroEL protein also was required for 
translocation of pre-beta-lactamase into inverted membrane 
vesicles95. Translocation of the precursor was observed in 
the presence of ATP but not the non-hydrolysable analog 
suggesting that the groEL complex maintains the precursor 
in a translocation-competent state. The complex may 
prevent the folding of secreted precursors into a stable 
structure which cannot be unfolded during translocation. 
The groEL complex may perform a similar function during 
assembly of other protein complexes by preventing folding 
of subunits until they are in proximity or association with 
complementary subunits.
A role for hsp58 in refolding of mitochondrial 
proteins was hypothesized, but no evidence has been 
presented62. Fusion proteins containing S are bound by the 
E . coli homolog of the RuBisCO binding protein suggesting 
that the recognition of S by RuBisCO binding protein and 
groEL protein may be due simply to S being unfolded or 
unassembled. Another chloroplast precursor, acetolactate 
synthase (ALS), will be expressed in E. coli as a fusion to 
protein A to determine its affinity for groEL protein. The 
interaction of the precursor of ALS with groEL protein 
would indicate that groEL protein association with S is not 
peculiar to S by virtue of its homology to RuBisCO binding 
protein. Examination of RuBisCO binding protein complex 
from chloroplasts after transport of mutant and wild type
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precursor of ALS could distinguish between a specific role 
for RuBisCO binding protein in assembly of RuBisCO and a 
generalized role in the folding and assembly of proteins in 
the chloroplast.
The Physical Nature of pS
The availability of substantial quantities of transport- 
competent pS would allow physical characterization and 
comparison with mature S. Structural information such as 
the amount of alpha-helix and beta-sheet in the precursor 
could be determined by circular dichroism measurements. 
The precursor may be small enough to determine a refined 
structure by 2-D NMR. Possible interactions between the 
transit peptide and mature portion could be examined by 
cross-linking the precursor and characterizing its 
proteolytic fragments.
The. interaction of the recombinant precursor with 
artificial and natural membranes would reveal the nature of 
steps in binding and translocation into chloroplasts. A 
fluorescent moiety could be attached to the recombinant pS 
to examine its disposition with respect to the membrane and 
cytoplasmic and stromal compartments.
Finally, recombinant pS could be used to affinity 
purify cytoplasmic factors which have a role in protein 
transport into chloroplasts. It could also act as a
substrate for such a factor if the factor contains a 
protein unfolding activity. Information obtained from a 
system of substrate protein and protein folding enzyme 
could have relevance for many types of protein-protein 
i n t e r a c t i o n  p h e n o m e n a  i n c l u d i n g  the a s s e m b l y  of 
macromolecular structures and the heat shock response.
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